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METHOD AND APPARATUS FOR DETONATION
OF DISTRIBUTED CHARGES

BACKGROUND OF THE INVENTION 5

1. Field of the Invention

This invention relates generally to the field of seismic
geophysical prospecting and more particularly to the
sequential detonation of a plurality of lump explosive
charges located at spaced intervals within a bore hole.

2. Prior Art

The detonation of distributed charges within a bore
hole in the practice of seismic surveying through what
is termed *‘sequential shooting’ 1s well known. Distrib-
uted charges may assume the form of an elongated !>
explosive cord or alternatively, they may consist of
lump explosive charges at spaced intervals. This inven-
tion is concerned with the latter type. |

In this art, the concept 1s to fire the lump explosive
charges at intervals such that the associated seismic 20
wave fronts reinforce each other 1in a given direction,
normally down the shot hole. To do this, the array of
charges is detonated from the top charge downwardly
and the timing between successive detonations 1s made
equal to the time of travel of the seismic waves along 25
the formation between successive charges.

One form of apparatus for carrying out this technique
relies upon sequentially energizing a sertes of pressure
actuated switches in response to the arrival of a down-
wardly advancing seismic wave front produced by the 30
detonation of the first charge. As each switch is ener-
gized, a detonator or blasting cap 1s set off so as to fire
the associated explosive charge. Such an apparatus is
described in U.S. Pat. No. 3,196,974 1ssued on July 27,
1965 to V. M. Barnes. According to the Barnes patent, 35
each charge detonating circuit or “phaser’ is activated
by the operation of a mechanical switch. The switch
incorporates a metallic diaphragm which moves respon-
sive to a seismic wave front so as to contact a centrally
located member to produce switch closure. Each pres- 40
sure responsive switch is located at a predetermined
distance away from the explosive charge to be deto-
nated by its closure. This distance is designed to com-
pensate for the time 1t takes for switch closure to occur
after the arnval of the seismic wave front. In this way, 45
i accordance with the patent, the pressure wave will
not have traveled past the charge to be detonated before
this event occurs. Thus, reinforcement is said to be
achieved between each seismic pressure wave front and
the succeeding one. ~ 50

A disadvantage of devices of this character is that
they are dependent upon formation seismic velocity. In
order to accurately position the pressure sensor in rela-
tion to the associated detonator, the formation accoustic
velocity governing the advancement of the seismic 55
wave front from charge to charge must be accurately
known. Furthermore, this spacing must be varied to
accomodate the fact that differing formations will have
differing seismic velocities. In addition, the very fact
that there must be some significant spacing between the 60
pressure sensor and the detonator imposes a limitation
on the design and physical character of the apparatus.
Beyond the above problems 1s the further complication
that the behavior of seismic shock waves in the “near
field”, 1.e., the immediate vicinity of an explosion, 1S 63
difficult to interpret and analyze precisely as to wave
form and velocity. These near field shock wave charac-
teristics are typically quite different from the relatively
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stable acoustic behavior of the formation when mea-
sured remote from the source in what is termed the “far
field”. For this reason, assumptions concerning forma-
tion velocity should be regarded with considerable
skepticism as applied to the design and operation of
distributed charge apparatus.

Since the requisite time delay between successive
distributed charges is likely to be on the order of a few

- micro-seconds, a further disadvantage of the use of

mechanical switches in the context described above is
their inherent lack of precise repeatability. This 1s due to
metal fatigue, temperature and humidity effects, bore
hole depth and other environmental factors.

SUMMARY OF THE INVENTION

It 1s therefore a general object of this imvention to
provide an improvemed apparatus for sequentially deto-
nating distributed lump explosive charges in a bore hole
in order to achieve seismic wave reinforcement in a
given direction.

It is a more particular object of this invention to
provide such a method and apparatus with improved
accuracy and repeatability. |

It 1s a still further object of thts invention to provide
such a method and apparatus which 1s substantially
independent of formation seismic velocity and that re-
quires no adjustment for variations in such velocity.

In accordance with a preferred embodiment of this
invention an apparatus for sequentially detonating a
plurality of distributed lump explosive charges in a bore
hole incorporates a like plurality of phased firing cir-
cuits or ‘“‘phasers”. Briefly, each phaser comprises a
capacitor interconnected in series with a detonator
through a normally open electronic switch. The detona-
tor is attached to a respective one of said charges. A
fuse i1s placed across the capacitor to prevent its’ acci-
dental polarization. To arm the phasers, after the explo-
sive charges are loaded into the hole, the capacitor of
each phaser is charged by sending current from a power
source located at the surface of the earth. This capacitor
charge will furnish B+ voltage for the electronic
switch. |

In operation, an explosion is conventionally initiated
at the top of the borehole. A fast-acting piezoelectric
pressure-sensitive element isolated from the capacitor
discharge circuit, but positioned arbitrarily close to the
detonator, generates a voltage transient when the resul-
tant downwardly advancing seismic wave front im-
pinges on such element. The voltage transient 1s passed
through a time delay substantially equal to the rise time
to peak pressure of the dominant frequency of such
seismic wave front and is then adapted to actuate the
electronic switch. This completes the capacitor dis-
charge circuit and fires the detonator which initiates the
charge to which it 1s connected substantially simulta-
neously with the arrival at such detonator of the peak
amplitude of the seismic wave front. Sequential activa-
tion of successive phasers in this manner successively
reinforces the advancing seismic wave front.

In its preferred embodiment, the invention also in-
cludes the method of sequentially detonating a plurality
of distributed lump explosive charges in a bore hole
wherein the detonation of each such charge i1s accom-
plished by the steps of producing a fast rising voltage
pulse responsive to the impingement upon a piezo-elec-
tric pressure-sensitive element of a downwardly ex-
panding seismic wave front, and utilizing said voltage
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pulse to close an electronic switch which completes a
capacitor discharge circuit adapted to detonate said

charge, said voltage pulse having been subjected to a
time delay such that the peak amplitude of such wave
front reaches said detonator substantially simulta- 5

neously with its exploston.

Other and further objects and advantages of this in-
vention will become apparent from a consideration of
the detailed description to follow taken in conjunction
with the drawings and appended claims. 10

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates in block diagrammatic form, a
phaser circuit for a distributed charge apparatus in ac-
cordance with the preferred embodiment of this inven- 15
tion.

FIG. 2 is a phaser circuit diagram in accordance with
the embodiment of FIG. 1.

FIG. 3 is a modified circuit diagram of a phaser cir-
cuit in accordance with this invention. 20
FIG. 4 is a graph showing the relationship between
seismic pressure wave front and electronic switching

time delay.

FIG. 5 is a diagrammatic vertical section of a shot-
hole in the earth incorporating apparatus in accordance 25
with this invention.

DETAIL DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to FIG. 1, there is illustrated in block 30
diagram form a phaser circuit 10, a plurality of which
may be interconnected to form a distructible distribu-
tive charge apparatus for generating seismic waves in
accordance with this invention.

In each phaser circuit 10 a capacitor 12 is intercon- 35
nected through an electronic switch 14 with a detonator
16. A pressure activated electro acoustic sensor 18 is
connected to switch 14 through a delay timer 20.

When the multiple lump explosive charges 21 which
make up the distributive charges of this apparatus are 40
loaded into a shot hole 23, as best seen in FIG. 3, each
such charge 21 has a phaser 10 attached to it which 1s
connected to a common pair of charging wires 22 and
24 leading to a blaster 25 at the surface of the earth.
Each detonator 16 is designed to initiate one such 45
charge 21.

After the lump charges 21 are loaded into shot hole
23, a current is sent from blaster 25 which burns
through each of fuses 26, which are respectively posi-
tioned across capacitors 12 to prevent their accidental 50
polarization. Capacitors 12 are then charged and each
phaser circuit 10 is thereby armed. A top most explosive
charge 27 in shot hole 23 is provided with detonator 29.
Through conventional connections to blaster 25, deto-
nator 29 may be fired, initiating a pressure field whose 55
down going wave form cuts charging wires 22 and 24.
By this time, however, phaser circuits 10 are function-
ing independently.

When the advancing wave front reaches each sensor
18, a fast rising voltage transient is generated which, 60
after a preselected time delay established by timer 20,
‘triggers switch 14 into operation. This causes capacitor
12 to discharge through detonator 16 and initiates i1ts
associated lump explosive charge 21. The time delay
introduced by timer 20 in each phaser circuit 10 is se- 65
lected such that the initial pressure wave front is succes-
sively reinforced in a downhole direction with the se-
quential explosion of each of the multiple lump charges

4

21 to which phaser circuits 10 are attached. Since sensor
18 may be placed arbitrarily close to detonator 16, this
time delay is essentially independent of formation seis-

mic velocity. Its purpose, as will be explained in more
detail later, is to permit the surrounding pressure field to

reach its peak amplitude at the precise time detonation
OCCurs.

FIG. 2 illustrates diagrammatically a preferred em-
bodiment of two adjacent interconnected phaser cir-
cuits 10 each functionally equivalent to the circuit of
FIG. 1. The functions of electronic switch 14 and timer
20 of FIG. 1 are preferably accomplished by an inte-
grated circuit timer chip 28, together with external
resistor 30 and capacitor 32. While not to be regarded as
limiting, chip 28 may be a National Semiconductor
1. M555 Timer Chip, which comprises a delay genera-
tor, a threshold trigger circuit and a transistor switch.
Capacitor 12 provides B+ voltage supply to chip 28,
when required, through lead 31, with ground connec-
tion being made through lead 33. The operation of chip
28 is well known to those skilled in the art and therefore
unnecessary to detail here. The time delay introduced
by timer chip 28 is expressed as 1.1 RoC where R;=Re-
sistor 30 and C==Capacitor 32, at the end of which time
the voltage V generated by sensor 18, is sufficient to
activate the transistor switch operation of chip 28 and
precipitate the discharge of capacitor 12 through deto-
nator 16. |

Sensor 18 preferably comprises a pressure-activated
disk 34 of lead-zirconate titanate ceramic, such as PZT
4, which is temperature and humidity insensitive and
exhibits good high frequency response. Disk 34 may be
provided with a bypass resistor 36 to provide a current
path to ground. |

A plurality of series diodes 38, for example, type
IN4004 may be placed as shown in line 22. Diodes 38
should have sufficient current rating to pass the charg-
ing current for capacitors 12. The will, however, pre-
vent simultaneous partial or total discharge of the
downstream capacitors 12, when the apparatus 1s ener-
gized. |

FIG. 3 illustrates the circuit for a modified, some-
what simplier version of the previously described
phaser circuit of this invention. Phaser circuit 40 1S
somewhat less sophisticated than the circuit of FIG. 2
as to the timing and switching of functions to be per-
formed. When a voltage transient generated by a sensor
41 reaches a sufficient threshhold value, transistor 42 1s
activated to permit capacitor 12 to discharge through
detonator 16. By-pass Resistor 43 provides a current
path to ground. Time delay is governed by resistor 44
and capacitor 46. To insure that transistor 42 is not
accidentally activated by the “arming voltage”, the
sensor and timing functions are made a part of the base-
emitter circuit of transistor 42.

Since phaser 10 employs no mechanical sensing or
switching features, there is no appeciable time delay
introduced by any such components. Therefore, there 1s
no need to physically separate the pressure sensor 138
and detonator 16 as required with mechanical switches
such as employed in the Barnes patent referenced
above. Thus, advance determination of formation
acoustic velocity is not a prerequisite to design or oper-
ation of the device of this invention. However, because
the timing and switching functions of phaser 10 are-
accomplished so rapidly, it may be assumed that switch
14 will close slightly before arrival at detanator 16 of
the peak pressure value of the downwardly advancing
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wave front, thus preventing a maximum pressure wave
reinforcement. FIG. 4 illustrates generally the wave
form of the advancing seismic wave front. Assuming
that at the time T, the seismic wave front impinges on
and activates the sensor 18, a switch time delay 50 may
be programmed 1nto phaser 10, such that capacitor 12
discharges, firing the detonator 16 at the moment when
peak amplitude 52 of seismic pressure wave 54 arrives at
the charge. A shorter time delay 56 may alternatively be
substituted and under certain circumstances prove ben-
eficial by causing detonation to occur at some lesser
intermediate value 58 of pressure wave 34. This will
permit a brief build up of the pressure field surrounding
the charge 21 connected to detonator 16 in order to
further enhance the reinforcement of the downwardly
advancing wave front. Empirical determination of the
seismic wave form in the *“‘near field” of the shot hole by
separate experimentation will aid in refinement of the
setting of the time delays 50 or 56 for maximum effi-
ciency. Since each phaser circuit 10 functions indepen-
dently, if any one such circuit should fail to explode its
assoclated lump charge 21 the others will still function
correctly.

In its preferred embodiment, particularly as exempli-
fies in FIG. 2, the expendable phaser circuit described s
safe, reliable, accurate, and in expensive. It can be made
substantially insensitive to variations in sonic signal
amplitude and borehole temperature. The apparatus
itself includes no power supply.

‘The apparatus of this invention may be employed 1n a
shothole of any desired orientation ranging from verti-
cal to horizontal, depending upon the nature of the
formation geology to be investigated.

It should be recognized that the foregoing detailed
description is illustrative only. Those skilled in this art
will recognize that many modifications in circuit design
and component selection may be made without depart-
ing from the scope of this invention as more particularly
set forth in the appended claims.

What 1s claimed is:

1. Apparatus for firing an explosive charge in a for-
mation sO as to reinforce a pressure wave passing
through said formation, said pressure wave having a
dominant frequency of substantially determinable rise
time to peak amplitude, comprising:

(a) an electrically responsive detonator coupled to

said charge;

(b) a capacitor having a discharge circuit including

~ said detonator:

(c) means for charging said capacitor from a remote
point;

(d) an electronic switch connected so as to control
the completion of said discharge circuit;

(e¢) a pressure activated electro-acoustic sensor con-
nected to said switch for generating a fast-rising
voltage transient responsive to said pressure wave,
said voltage transient being adapted to actuate said
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switch so as to discharge said capacitor and fire
said detonator; and

(f) timing means interposed between said sensor and
said switch for delaying said voltage transient for a
time 1nterval in predetermined relation to said rise
time.

2. Apparatus as claimed in claim 1 wherein said delay
imposed by said timing means 1s substantially equal to
said rise time.

3. A sequential shooting system for successively rein-
forcing a pressure wave explosively initiated within a
formation, said pressure wave having a dominant fre-
quency of substantially determinable rise time to peak
amplitude, comprising:

(a) a plurality of lump explosive charges disposed at
spaced intervals within said formation, each of said
charges being provided with an electrically-
responsive detonator;

(b) a like plurality of capacitors corresponding to said
detonators and in whose discharge circuits said
detonators are respectively included;

(c) means for charging said capacitors from a remote
point;

(d) a plurality of electronic switches for controlling
the completion of said capacitor discharge circuits;

(e) a plurality of pressure - activated electroacoustic
sensors connected respectively to said switches for
generating successive fast rising voltage transients
responsive to the advance of said pressure wave,
sald voltage transients being adapted to activate
sald switches sequentially so as to discharge said
capacitors and fire said detonators; and

(f) timing means interposed between each of said
sensors and its associated switch for delaying each
said voltage transient for an interval in predeter-
mined relation to said rise time.

4. The method of geophysical prospecting wherein a
seismic wave of substantially determinable rise time to
peak amplitude 1s passed through a shothole so as to
sequentially detonate a plurality of lump explosive
charges disposed within said shothole at spaced inter-
vals, each of said charges being provided with an elec-
trically-responsive detonator, and wherein each of said
detonators is fired by the discharge of a charged capaci-
tor associated therewith, comprising the steps of:

(a) connecting a plurality of electronic switches so as
to control the completion of the respective dis-
charge circuits of said capacitors;

(b) causing said seismic wave to successtvely activate
a plurality of electro-acoustic sensors connected
respectively to said switches, thereby generating
successive fast-rising voltage transients adapted to
actuate said switches sequentially and discharge
said capacitors; and |

(c) delaying each of said voltage transients prior to
activating its associated switch by a time interval in
predetermined relation to said rise time.

5. The method as claimed in claim 4 wherein said time

interval 1s substantially equal to said rise time.
¥ %k ok %k
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